Proceeding from the theory of growing bodies and unified model of flow, a model was developed for assessment of thermomechanical state of the part in multilayer cladding, as well as finite-element procedure of numerical realization of the model. In the case of cladding (building-up) a cylinder along its side surface it was established that the schematic of one-time building-up allows rather quickly obtaining qualitative evaluations of the level of stresses and strains at analysis of different variants of technological solutions for multilayer cladding of parts. However, it does not allow for the significant inhomogeneity and celullar structure of distributions, but just describes the smooth averaged change of characteristics of stresses and strains along the cylinder. It does not even allow studying such fine technological points as influence of different schematics of deposited bead overlapping on stress-strain state of the part. In this case, it is recommended to use the procedure of calculation by the schematic of bead-by-bead building-up (deposition). Generally satisfactory agreement of calculated and experimental data is indicative of the validity and reliability of the developed approach to modeling the thermomechanical processes in multilayer cladding of parts. 14 Ref., 9 Figures.
By the generally accepted definition, additive technologies are technologies of manufacturing complex-shaped parts by 3D computer model by successive layer-by-layer deposition of material [1] [2] [3] [4] . According to this definition, cladding can also be regarded as an additive technology. So far, however, at development of additive technologies with application of welding heat sources, attention was focused on laser and electron beam [5, 6] . Less attention was paid to other methods, in particular cladding, as additive technologies. Not enough attention at analysis was also given to the fact that layer-by-layer deposition of molten metal in additive technologies leads to formation of a certain stress-strain state (SSS) in finished parts, which may result in residual deformations or crack initiation in them.
Experimental methods of SSS investigation are expensive and labour-consuming processes, providing quite limited information. Therefore, development of models and procedures of mathematical modeling of stress-strain and microstructural state of the parts during incrementing, residual state, as well as stresses during operation, is a highly urgent task.
The objective of this work is development of a model and procedure of calculation of SSS of parts, manufactured with application of additive cladding technologies. The procedure is based on the theory of growing bodies [7] , which simulates multilayer cladding process to the greatest extent [8] .
Mechanical behaviour of material is described by Bodner-Partom model [9] , which includes the following relationships in rectangular cartesian system of coordinates Oxyz:
• law of flow and equation of plastic incompressibility , 0, , , , ;
• Prandtl-Reuss law of flow 
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• evolution equation for isotropic strengthening parameter 1 1
where
• Hooke's law
where G, K V , α are the moduli of shear, volume compression and coefficient of linear thermal expansion. Relationships are complemented by universal equations of quasi-static equilibrium and heat conductivity, as well as respective boundary and initial conditions.
Two models of the process of multilayer cladding of parts are considered. The first is bead-by-bead layer-by-layer cladding (Figure 1, a) , the second is onetime layer-by-layer cladding (Figure 1, b) .
The first incremental model allows for deposition of each individual bead in each of the layers. In the second model, called one-time cladding, theory of growing bodies is used for modeling successive onetime deposition of each individual layer. The time interval between joining these beads or layers, their dimensions, material temperature, cooling time, etc. are selected from the condition of their equivalence to geometrical, energy and other parameters of technological process of cladding.
Two approaches are used in modeling of bodies growing during cladding. The first envisages plotting FE-mesh, which covers both the clad part, and all the layers to be deposited in the future. Thus, the number of nodes of FE-mesh does not change during numerical modeling. The essence of the second, more cost-effective approach consists in successive joining of incremental material elements. Here, the number of finite elements changes. The regions of cladding in the first approach or the clad element in the second approach are initially ascribed the properties of «void» material, which is regarded as thermoelastic material with the following characteristics:
where E is the modulus of elasticity, and ν is the Poisson's coefficient. Value of Poisson's coefficient ν = 0.5 was selected from the condition of correspondence to the properties of molten (incompressible) material, with which the element will be filled. Here, only forming deformation can occur. Thermophysical properties of the «void» are taken to be the same as those of the deposited metal. Therefore, the element is «empty» only in terms of mechanics. During filling, which is regarded as the process developing in time, «empty» elements of FE-mesh will be filled by material melt being deposited. The calculations allow for the fact that during element filling (cladding) the entire FEmesh is deformed, both the one covering the part, and the «empty» elements.
Let at the moment of filling t * , a certain empty element of mesh ΔV(t * ) adjacent to built-up surface have deformation * ij ε , and let it be filled with material melt of temperature θ * , being non-stressed at the moment of filling. Then, in the clad element
condition (6) in terms of determining equation σ ij = σ ij (ε kl , θ) can be written as
Equality (7) points to absence of stresses (condition (6)) in clad element ΔV, which has initial deformation * ij ε at filling temperature θ * . It is assumed that non-elastic deformation of deposited metal is absent at moment of time t * of mesh element filling:
To satisfy conditions (2) and (3), it is necessary at t > t * to modify the equation of Hooke's law for isotropic material (4) as follows:
and to assume in equations (2) and (3): 
Here, lower index f indicates that the parameters pertain to deposited layer material. Thus, in order to satisfy condition (6) in subsurface built-up layer, for all elements of clad material determining equations (1)-(4) are individualized by those specific values of strain * ij ε and temperature θ * , at which their filling occurred at moment of time t = t * . As an example, let us consider spiral cladding of side surface of a cylinder. The schematic of deposited layer filling by individual beads in meridian section (see Figure 1 , a) is given in Figure 2 .
Let the start of deposition of N-th bead correspond to moment of time t = t N . The process is realized in the following sequence:
1. In time interval (t N , t N + t Q ), where t Q is the effective time of source operation, simultaneous heating of the following regions takes places: (a) -«empty» region 3 by uniformly distributed heat source of power Q K (index K means cladding); (b) -adjacent region 4 by welding arc, which is a bulk heat source of power Q L (index L means arc).
2. At moment t N = t N + t Q both the sources switch off and «filling» of region 3 occurs, which is understood to be replacement in this region of «empty» material with (1) properties by material described by system of equations (1)- (4), allowing for modifications (9) and (10) , where * ij ε and θ * are the strains and temperatures in nodal points of region 3 at the moment of filling.
3. In time interval (t N + Q , t N + 1 ) cooling takes place due to heat conductivity in-depth of the part and heat exchange with the environment.
4. At moment of time t = t N + 1 a new mechanically «empty» element is joined and the process is repeated.
Heat coming to the body at cladding is determined by the following relationship:
where η T is the effective power coefficient; E η  is the effective efficiency of part heating by the arc; Y η  is the effective efficiency of heating by electrode metal drops; E Q  and Y Q  are the heats transferred to the part body by the arc and coming to the electrode: 1 1 , ,
where Δt 1 is the time of deposition of a number of beads, which is determined, proceeding from geometrical dimensions of clad surface and deposition rate.
Respective bulk powers of heat sources are calculated by the following formulas:
, , The following values of the given parameters were assumed at determination of heat input [8] : η T = 0.6;
Calculations were performed using physico-mechanical characteristics of respective materials. Boundary problem of thermomechanics was solved by FEM. Detailed description of numerical procedure is given in [10] [11] [12] .
We will give comparison of the results of calculation of residual SSS, derived in terms of schematics of gradual and one-time building-up (see Figure 1) .
A cylinder from steel 35KhM built-up by two layers of cr-Ni steel 10Kh18N10 with austenitic-ferritic structure is considered as an example. cylinder diameter D = 0.126 m, and length is L = 0.25 m. Thickness of the first and second layers is the same and equal 3D ADDITIVE TECHNOLOGIES to 2.3 mm. Cladding is performed with preheating to θ = 300 ºc.
In the schematic of gradual building-up 10 beads are deposited in each layer to reduce the volume of computations. Calculations showed that the end effects are localized in the zones of the first and the last three beads. Therefore, in the region between the third and seventh beads residual SSS is in place, which can be associated with the region of regular state of the main part of fully built-up cylinder.
Intensity of stress tensor deviator Distributions along the median line r = 0.064 m of residual stresses and strains, which formed in the second built-up layer after its cooling to 20 °c, are represented in Figures 5 and 6 .
Analysis of presented results leads to the following conclusions:
1. Schematic of one-time layer-by-layer building-up does not allow for the non-uniform cellular structure of distributions, but describes a smooth averaged change of stress and strain characteristics along the built-up cylinder.
2. Schematic of one-time layer-by-layer building-up corresponds to more extended zones of end disturbances of SSS.
3. In the region of regular distribution of SSS characteristics, calculation results for one-time layer-by-layer schematic are in satisfactory agreement with the results derived on the basis of bead-by-bead deposition schematic. For this reason, the instant layer-by-layer schematic can be used in simplified calculations.
Results of numerical modeling are compared with experimental data. Measurements were performed by hole-drilling method [13, 14] . 
Investigations were conducted on sixth bead at two-layer bead-by-bead deposition of layers. Respective fragment of built-up layer is shown in Figure 7 . Holes of 1.6 mm diameter were drilled to depth Δr = 2.2 mm in the center of the bead located in section z = 0.0304 m, to measure the residual stresses. Figure 8 shows calculated axial distributions of components σ zz and σ φφ in section A-A. Triangles indicate experimental values of maximum and minimum principal stresses σ min and φ max . It is seen that stress components change quite significantly within the bead. However, good agreement of data is in place in the considered section.
It is more convenient to perform comparison with application of radial stress distributions in built-up layer. According to experimental procedure, measured stresses correspond to and should be compared with the following calculated values in this section:
,
. where r 0 is the outer radius of built-up bead. Figure 9 shows the calculated distributions along the radius of components of stresses σ zz and σ φφ in the studied section.
One can see that maximum and minimum principal stresses are not related to any one component. So, component σ φφ prevails on the surface, and in deeper-lying layers the maximum value is determined by component σ zz . conclusions 1. Theory of growing bodies and unified model of flow were used as the basis for development of the model of evaluation of thermomechanical state of the part during multilayer cladding, as well as FE procedure of numerical realization of the model. Generally satisfactory agreement of calculated and experimental data is indicative of validity and reliability of the developed approach to modeling the thermomechanical processes in multilayer cladding.
2. In the case of cladding (building-up) a cylinder along its side surface it is found that the schematic of one-time building-up allows quickly enough deriving qualitative evaluation of the level of stresses and strains at analysis of different variants of technological solutions for multilayer cladding of parts. It, however, does not allow for the considerable non-uniform and cellular structure of distributions, but just describes the smooth averaged change of stress and strain characteristics along the cylinder. It does not allow studying such fine technological points as the influence of different schematics of deposited bead overlapping on the part SSS. In this case, it is recommended to apply the procedure of calculation by the schematic of bead-by-bead building-up (deposition). 
